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Rotating stallAbstract Generally, casing treatment (CT) is a passivity method to enhance the stall margin of
fan/compressor. A novel casing treatment based on the small disturbance theory and vortex and
wave interaction suggestion is a method combining passive control and active control, which has
been proved effective at enhancing the stall margin of fan/compressor in experiment. In order to
investigate the mechanism of this kind of casing treatment, an experimental investigation of a stall
precursor-suppressed (SPS) casing treatment with air suction or blowing air is conducted in the
present paper. The SPS casing treatment is designed to suppressing stall precursors to realize stall
margin enhancement in turbomachinery. The experimental results show that the casing treatment
with blowing air of small quantity can improve the stall margin by about 8% with about 1% efﬁ-
ciency loss. By contrast, the SPS casing treatment with micro-bias ﬂow does not improve the stall
margin much more than that without bias ﬂow, even worse. Meanwhile, the present investigation
has also attempted to reveal the mechanism of stall margin improvement with the casing treatment.
It is found that the stall margin improvements vary with the modiﬁcation of the unsteady shedding
ﬂow and the unsteady wall boundary impedance. The experimental results agree fairly well with the
theoretical prediction using a ﬂow stability model of rotating stall.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
High speciﬁc thrust and efﬁciency are pursued in modern
aeroengine design. Obviously, fan/compressor must have
higher blade loading under this situation. However, it is extre-
mely difﬁcult to meet the requirement of sufﬁcient stall margin
and its improvement is the main concern. In recent years, there
are many attempts to increase fan/compressor stall margin
with various techniques, such as casing treatment (CT), steady
tip injection and active control of the stability.1–4 The discov-
ery of stall inception was very exciting and led to the emer-
Fig. 1 Low-speed fan TA36 test rig.
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before application in industry due to complicated problems.
Casing treatment is an effective way to improve the stall mar-
gin. Since the famous observation about casing treatment was
guided by Koch5 in 1970, considerable conﬁgurations were
attempted, but most of casing treatment design has been based
on trial and error experiences so far. Obviously a better design
depends on the understanding of the mechanism. The existing
investigations have pointed out another possibility that the
mechanism will be based on unsteady ﬂow.
Based on the small disturbance theory and vortex and wave
interaction suggestion, the relevant theoretical investigations
have been carried out.6–10 A three-dimensional axial-compres-Table 1 Design parameters for low-speed fan TA36.
Geometrical parameter Value
Rotor S
No. of blades 20 2
Tip diameter (mm) 600 6
Hub diameter (mm) 346 4
Stagger angle at hub () 45 0
Aerodynamic parameter Value A
Mass ﬂow (kg/s) 6.5 D
Eﬃciency (%) 85 T
Stall margin (%) 15.5 Ssor stability model has been developed, which is adopted to
predict the onset point of rotating stall of a multi-row com-
pressor. It is possible to consider a complicated boundary con-
dition in the stability model due to its three-dimensionality.
The equivalent surface source method was introduced into
the model to take account of the soft wall boundary condition.
The advantage of this method is that it computes the scattering
wave only through the eigenvalue of solid wall instead of that
of soft wall, so the related effect of casing treatments can be
included in this way. So, the model can also help to design
the geometric parameters of casing treatments. According to
these results, the stall precursor-suppressed (SPS) casing treat-
ment consisting of back chamber and perforated plate is sug-
gested. Compared with the conventional casing treatment
aimed at the improvement of blade tip ﬂow structure, the
objective of the SPS casing treatment is to affect the evolution
of the stall precursors in order to obtain stall margin improve-
ment. The perforated ratio of the SPS casing treatment is only
4%–10%, far smaller than in traditional casing treatments,
with over 50% open area ratio. It should be noted that the per-
forated ratio equals open area of slots divided by the whole
ring surface area where the slots are laying and it can be chan-
ged by an actuator that consists of an electrical motor and a
mechanical gear. The relevant experiments11 were conducted
based on the SPS casing treatment which is installed above
the tip of the rotor blade. The results showed that the SPS cas-
ing treatment designed according to the results of theoretical
research using the stability model of rotating stall can result
in the stall margin improvement without efﬁciency loss.
Besides, the bias ﬂow is an important factor of the casing treat-
ment on changing the wall boundary condition in the theoret-
ical research. In the present investigation, the experiments of
the SPS casing treatment on the low-speed fan TA36 in order
to explore the effect of bias ﬂow will be conducted.
There are two different ways to conduct the experiments of
SPS casing treatment with bias ﬂow: blowing air and air suc-
tion. The purpose is to improve the stall margin of fan/com-
pressors under the condition that bias ﬂow is in or out from
the slots of the casing treatment. It has been conﬁrmed that
the mechanism of the SPS casing treatment on stall margin
improvement is based on vortex and wave interaction sugges-
tions.12–14 That is to say, for a recessed casing treatment which
consists only of a back chamber and a perforated plate (oriﬁces
or slots), when the radial ﬂow enters the slots from the blade
tip and blows ahead of the blade inlet, the vortex shedding will
happen. The vortex will certainly interact with the varioustator
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Fig. 2 Characteristics of low-speed fan TA36 without casing treatment at different operating speeds.
Fig. 3 Effect of bias ﬂow rate through the wall of the SPS casing
treatment on the stability of TA36 under 100% design rotational
speed and mode number is (1, 1).
Fig. 4 SPS casing treatment with optimal parameters.
Fig. 5 Sketch of vortex and wave interaction for recessed casing
treatment.
1354 X. Dong et al.pressure perturbations in ﬂow and the wall boundary condi-
tion will change greatly. As the authors know, the stability
of a compression system is determined by its initial and bound-
ary conditions. In fact, any change of the initial conditions
(inlet ﬂow rate, inlet distortion) and the boundary conditions
(solid wall or casing treatment) will inevitably have an effect
on the compressor stability. The unsteady boundary condition
will inﬂuence the generation and development of initial pertur-
bations which often appear in the ﬂow ﬁeld of rotor tip and
stator hub regions, so the low-frequency disturbances could
be suppressed. In the present investigation, the stall inception
has not been categorized as modal or spike type, because the
SPS casing treatment can work with both spike and modal stall
inception. In fact, even spike type inception develops from lin-
ear to non-linear, albeit with a shorter time span. Meanwhile,
any perturbations can be mathematically expanded into Fou-
rier series. So, any type of stall inception observed in experi-
ment can be considered as a combination of various modes
by Fourier series expansion. The SPS casing treatment can
suppress the initial perturbations, no matter what kind of stall
type will ﬁnally be formed. In Ref.14, the experiments to deter-
mine the mechanism of stall margin improvement with such
casing treatment have been carried out. It is true that theSPS casing treatment can delay the non-linear development of
the stall process due to suppressing the propagation of the stall
precursor wave, as compared with the evolution of the precur-
sors without the SPS casing treatment.
The strategy of the SPS casing treatment is to add some
speciﬁc damping to the system in order to guarantee that the
stall precursor decays or is to delay the process of perturba-
tions from the linear to the non-linear state. The damping is
Fig. 6 Pressure rise and efﬁciency characteristics of 24-slot SPS casing treatment on TA36 with and without air suction.
Table 2 Results of 24-slot casing treatment with and without
air suction on stall margin improvement (%).
Operating speed 100% 95% 90% 85% 70%
Without air suction 6.1 6.2 5.1 5.7 4.5
With 0.02% air suction 4.7 5.2 4.5 4.3 3.4
Eﬀects of 0.02% air suction 1.4 1.0 0.6 1.4 1.1
Experimental investigation on SPS casing treatment with bias ﬂow 1355created by the vortex and pressure wave interaction using the
casing treatment conﬁguration. In our stability model, the
damping is described as boundary impedance.
It is obviously different between the air suction or blowing
air and the steady tip injection. Bias ﬂow can change the
boundary impedance by adjusting the pressure in the back
chamber and the bias velocity through the slots, and does
not affect the ﬂow structure directly.
2. Experimental facility
The experimental test facility used in the present investigation,
which is shown in Fig. 1, consists of a single-stage fan along
with the associated components and instruments. The main
design parameters for low-speed fan TA36 are displayed in
Table 1.
The measurement positions for inlet/outlet total pressure
and wall static pressure are shown in Fig. 1. The low-speed
fan TA36 is equipped with controllable bleed valves, which
can accurately move the operating point near stall and quickly
move away from stall. All the steady-state operating character-istics of the compressors are obtained using standard time-
averaged instrumentation in these machines.
The mass ﬂow rate G is measured at point 0–0 as shown in
Fig. 1, and the relevant deﬁnition is,
G ¼ ukA0 p

0ﬃﬃﬃﬃﬃ
T0
p qðk0Þ ð1Þ
where coefﬁcient u= 0.992, k0 is velocity coefﬁcient, A0 is
inlet area, k is ratio of speciﬁc heat, p0 is inlet total pressure,
T0 is inlet total temperature; the look-up table method is used
to derive qðk0Þ.
Fig. 7 Effects of 24-slot SPS casing treatment on TA36 with and
without air suction at different operating speeds.
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evant parameter for rotating stall in low-speed machines:
w ¼ p2  p

1
0:5q0U
2
m
ð2Þ
where q0 is inlet density, p2 is static pressure at stator exit, p1
is total pressure at rotor inlet and Um is tangential speed at
mid-span.Fig. 8 Sketch of vortex wave interaction for SPS cas
Fig. 9 Sketch of vortex wave interaction for SPS casiThe ﬂow coefﬁcient / is,
/ ¼ Vx
Um
¼ qv
UmA
ð3Þ
qv ¼ uA0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 pH  p0j j
q0
s
ð4Þ
where A is area of optional position, Vx is inlet axial velocity,
p0 is inlet static pressure, p

H is the atmospheric pressure, qv is
volume ﬂow.
Efﬁciency g is expressed as,
g ¼ qvðp

2  p1Þ
1000 ~Pk
ð5Þ
~Pk ¼ ~PEgE ð6Þ
where p2 is total pressure at stator exit, ~PE is the electrical
power and gE stands for the motor power coefﬁcient.
The stall margin SM is deﬁned:
SM ¼ ws=/s
wd=/d
 1
 
 100% ð7Þ
where subscripts s and d are parameters at stall point and
design point, respectively.
In general, the average results from three different tests are
used to obtain the basic performance of the compressor and
the error range of the performance parameters. The character-ing treatment with and without micro-air suction.
ng treatment with and without stronger air suction.
Fig. 10 Pressure rise and efﬁciency characteristics of 12-slot SPS casing treatment on TA36 with and without air suction.
Fig. 11 Effects of 12-slot SPS casing treatment on TA36 with
and without air suction at different operating speeds.
Table 3 Results of 12-slot casing treatment with and without
air suction on stall margin improvement (%).
Operating speed 100% 95% 90% 85% 70%
Without air suction 1.85 1.64 1.46 1.97 3.18
With 0.02% air suction 1.83 2.09 2.16 2.72 2.29
Eﬀects of 0.02% air
suction
0.02 0.45 0.70 0.74 0.89
Experimental investigation on SPS casing treatment with bias ﬂow 1357istics of the low-speed fan TA36 without casing treatment at
six different speeds are displayed in Fig. 2, where p2 is static
pressure at stator exit, p1 is static pressure at rotor inlet. The
mass ﬂow rate and efﬁciency uncertainty is within 0.5%. In
order to guarantee accuracy, repeated tests were conducted.
It should be noted that the efﬁciency curves shown in
Fig. 2(b) have been obtained by an exponential decay curve ﬁt.
Fig. 12 Effects of 24-slot SPS casing treatment on TA36 with
and without micro-blowing air at different operating speeds.
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The theoretical research has been conducted using three-
dimensional ﬂow stability model of rotating stall developed
by our research group.13–19 A stall inception model has been
established for axial fan/compressors. Under some assump-
tions that the solution of unsteady ﬂow ﬁeld consists of pres-
sure wave which propagates upstream or downstream, vortex
wave and entropy wave convect with the mean ﬂow speed.
By using the mode-matching technique and applying the con-
servation law and conditions reﬂecting the loss characteristics
of a compressor in the inlet and outlet of the rotor or stator
blade rows, a group of homogeneous equations can be
obtained from which the stability equation can be derived.
Based on the analysis of the unsteady phenomenon caused
by casing treatments, the function of casing treatments has
been modeled by a wall impedance condition which has been
included in the stability model through the eigenvalues and
the corresponding eigenfunctions of the system. The obtained
x by using this model is a complex variable, and the imaginary
part of which represents whether the system is stable with posi-
tive value or unstable with negative value.
Fig. 3 shows prediction results of the effect of bias ﬂow rate
through the wall of the SPS casing treatment on the stability of
TA36.13 The red lines are the theoretical predictions based onFig. 13 Effects of 24-slot SPS casing treatment with various
blowing air on TA36 at different operating speeds.stall point from the calculated fan performance, and the black
lines are the theoretical predictions based on stall point from
the experimental results. The stability of compressors can be
judged by the value of the imaginary part xI of the corre-
sponding eigenvalue. It can be seen that the xI ﬁrst becomes
smaller then bigger, ﬁnally becomes positive value; when the
bias ﬂow rate increases, the stability of TA36 can change from
unsteady to steady by increasing the bias ﬂow rate. Although
the curve of the sensitivity is properly ﬂuctuant in the theoret-
ical analysis, the compressor stability is sensitive to the bias
ﬂow rate which is a design parameter of the SPS casing treat-
ment. The theoretical results have provided a kind of qualita-
tive support for the SPS casing treatment design.
According to the prediction results, the SPS casing treat-
ments have been designed with the following parameters: per-
forated ratio is 8%, depth of the back chamber is 60 mm,
length of the slots is 75 mm, thickness of the wall is 10 mm.
Six nozzles with air suction or blowing air are installed on
the side of casing treatment and their distribution is along
the circumference at a pitch angle of 60 (see Fig. 4).
And for a recessed casing treatment which consists only of a
back chamber and a perforated plate (oriﬁces or slots), when
the radial ﬂow enters the slots from the blade tip and blows
ahead of the blade inlet, the vortex shedding will happen as
describe in Fig. 5. The vortex will certainly interact with the
various pressure perturbations in ﬂow and the wall boundary
condition will change greatly.
4. Experimental results
4.1. Experiments of SPS casing treatment with air suction
A roots vacuum pump is used in the experiments on SPS cas-
ing treatment with air suction and a ﬂoat ﬂow meter is used to
measure the effective ﬂow rate of air suction. The nominal ﬂow
rate of the vacuum pump is 3.6 m3/h. It is noted that the air
suction ﬂow rate is about 0.02% of main ﬂow rate of TA36,
i.e., the average velocity of bias ﬂow through the casing treat-
ment slots is only about 0.2 m/s. Therefore this sort of exper-
iments is called micro-air suction.
Fig. 6 shows the pressure rise and efﬁciency characteristics
of 24-slot casing treatment with and without air suction on
TA36 at different operating speeds, respectively. The black
lines are the results of solid casing and the red and green lines
are the results of 24-slot casing treatment with and without air
suction, respectively. From the comparisons under this situa-
tion, the air suction decreases the stall margin improvement
by 1%. Meanwhile, the efﬁciency increases a little. At the
100% operating speed, the peak efﬁciency improvement is
about 1.85% with the help of air suction. Table 2 shows the
results of casing treatment with and without air suction on
TA36 at different operating speeds in detail.
Fig. 7 shows the effect of 24-slot casing treatment with and
without air suction on TA36 at different operating speeds. It is
seen that the stall line changes towards right and the range of
steady operation is decreased when air suction ﬂow rate is only
0.02%.
When the SPS casing treatment without bias ﬂow, there are
self-recycle passages for the effect of rotor as described in
Fig. 8(a). Compared with Fig. 8(b), Fig. 8(a) shows the vortex
wave interaction is the real reason for casing treatment on stall
Fig. 14 Pressure rise and efﬁciency characteristics of 24-slot SPS casing treatment on TA36 with various blowing air.
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intensity of unsteady shedding vortex at the slot edge, so the
effect of casing treatment on stall margin improvement
becomes worse.
With the increase of air ﬂow, the unsteady shedding vortex
will increase correspondingly (see Fig. 9). If the intensity of
vortex in the SPS casing treatment with bias ﬂow is greater
than self-recycle vortex’s (it means in the casing treatment
without air suction condition), the effect of stall margin
improvement will become better than that. Under the current
experimental situation, the total air ﬂow quantity cannot be
changed, so the nominal ﬂow rate of the vacuum pump is con-
stant. The number of slots decrease, and the area of air suction
ﬂow will decrease, therefore the velocity of bias ﬂow will
increase and the stall margin can be enhanced. Namely, ifthe number of slots of casing treatment is decreased from 24-
slot to 12-slot, the velocity of bias ﬂow through the slots will
increase and the 12-slot casing treatment can get larger stall
margin improvement than 24-slot casing treatment. So, the rel-
evant experiments are carried out to explore the effect of stron-
ger air suction. Fig. 10 shows that the pressure rise and
efﬁciency characteristics of 12-slot casing treatment with and
without stronger air suction on TA36 at different operating
speeds, respectively. Fig. 11 show that the effect of 12-slot cas-
ing treatment on TA36 at different operating speeds. The effect
of 12-slot casing treatment with stronger air suction does not
become better than that without air suction, but better than
micro-air suction. Table 3 shows the results of casing treat-
ment with and without stronger air suction on TA36 at differ-
ent operating speeds in detail.
Table 5 Efﬁciency loss of 24-slot SPS casing treatment with
blowing air compared with the case of without blowing air (%).
Operating speed 100% 95% 85% 80% 70%
With 0.38% blowing air 0.60 0.80 1.01 0.82 1.12
With 0.52% blowing air 1.00 1.30 1.10 1.23 1.48
Fig. 15 Repeatability characteristics of 24-slot SPS casing treatment with blowing air on TA36.
Table 4 Results of 24-slot SPS casing treatment with and without blowing air on stall margin improvement (%).
Operating speed 100% 95% 90% 85% 80% 70%
Without blowing air 4.92 5.53 5.68 5.23 5.90 5.67
With 0.38% blowing air 8.50 8.24 7.94 8.52 8.53 6.85
With 0.52% blowing air 8.05 8.95 9.64 9.72 9.24 9.96
1360 X. Dong et al.The effect of bias ﬂow has been given in the theoretical pre-
diction (see Fig. 3). When the bias ﬂow rate is lower, the exper-
imental results of casing treatment with air suction agree very
well with the theoretical prediction. Compared with casing
treatment without air suction, the stall margin improvement
of 12-slot casing treatment with 0.02% air suction remains
unchanged for different operating speeds. By contrast, the stall
margin of 24-slot casing treatment with 0.02% air suction is
worse than without air suction. So, as the velocity of bias ﬂow
through the slot is increased, the stall margin improvement
trend is towards to active effects.
With the limited condition, we cannot continue to provide
more air suction ﬂow rate. However, it is believed that the cas-
ing treatment can get larger stall margin improvement as bias
ﬂow rate increases greatly.
4.2. Experiments of SPS casing treatment with blowing air
In the following part, the experiments of the SPS casing treat-
ment with blowing air are carried out. First, the experiments of
micro-blowing air (<0.03% main ﬂow rate of TA36) are
attempted. It is seen that the casing treatment with micro-blowing air decreases the stall margin than without blowing
air in Fig. 12.
Then the blowing air is increased from about 1% to 3% of
main ﬂow rate of TA36. Fig. 13 shows the results of 24-slot
casing treatment with various blowing air on TA36 at different
operating speeds. It can be seen that the range of steady work
is extended obviously under this level of blowing air. However,
when blowing air increases, the stall margin improvements are
non-linear and may become worse when the blowing air
increases from 0.25% to 0.30%.
Finally, the blowing air rate is further increased, according
to the theoretical prediction. There are two experiments to
conduct the blowing air research. The blowing air rates are
0.38% and 0.52% of the main ﬂow rate of TA36 respectively
and the average velocities are 3.7 m/s and 5.0 m/s
correspondingly.
Fig. 14 shows that the pressure rise and efﬁciency character-
istics of 24-slot casing treatment with and without blowing air
on TA36 at different operating speeds respectively. From the
comparisons, the greater-blowing air will get obvious stall
margin improvement with about 1% efﬁciency loss. Fig. 15
shows that the repeatability of 24-slot casing treatment with
blowing air on TA36 is very well.
Table 4 shows the results of casing treatment with and with-
out blowing air on TA36 at different operating speeds in detail.
The casing treatment with blowing air on stall margin
improvement can be achieved by about 8%. The stall margin
improvement of casing treatment varies with blowing air ﬂow
rate and its changing trend is basic agreement with the theoret-
ical prediction of bias ﬂow rate in Fig. 3.
Fig. 16 Sketch of vortex wave interaction for SPS casing treatment with various blowing air.
Fig. 17 Effects of 24-slot SPS casing treatment on TA36 with
0.52% blowing air.
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with blowing air. Compared with the case of without blowing
air, the efﬁciency loss is about 1%.
The bias ﬂow is one important parameter affecting wall
boundary impedance. Fig. 16 shows the vortex wave interac-
tion for recessed casing treatment with various blowing air.
Though the bias ﬂow rate increases to the level of 0.5% main
ﬂow rate of TA36, the bias velocity and momentum is too tiny
to result in signiﬁcant exchange of momentum in the casing
region. As stated in the introduction, the stability of a system
is determined by its initial and boundary conditions, and any
change of the boundary condition will certainly have an effect
on stability. Thus the unsteady boundary condition (or imped-
ance boundary) caused by the recirculating ﬂow in the SPS cas-
ing treatment will have an inﬂuence on the compressor stability
and the bias ﬂow is an important factor. In other words, the
compressor stability is sensitive to the ﬂow rate of the SPS cas-
ing treatment with bias ﬂow. The mechanism of casing treat-
ment with bias ﬂow on stall margin improvement is changing
the unsteady shedding vortex and the unsteady impedance
boundary.
Fig. 17 shows the effect of 24-slot casing treatment with
0.52% blowing air on TA36 at different operating speeds. It
can be seen that the stall line moves to the left greatly and
the casing treatment with blowing air enlarges the range of
steady work of TA36, though it may be lead to the efﬁciency
loss which is acceptable in order to avoid the rotating stall.5. Conclusions
(1) In this investigation, the SPS casing treatment with bias
ﬂow (air suction and blowing air) was proposed to sup-
press stall precursors in order to enhance stall margin.
The strategy is to add some speciﬁc damping to the sys-
tem in order to decay or to delay the stall process from
the linear to the non-linear state.
1362 X. Dong et al.(2) A series of experimental investigations was conducted
with emphasis on the effect of SPS casing treatment on
stall margin and efﬁciency of compressors. Results show
that 0.38% and 0.52% of blowing air can enhance the
stall margin by 8%–10% with about 1% efﬁciency loss
for different operating speeds.
(3) By contrast, SPS casing treatment with micro-bias ﬂow
does not improve the stall margin much more than that
without bias ﬂow, but it is getting even worse. Therefore,
the stall margin improvement of casing treatment varies
with blowing air ﬂow rate and its changing trend basi-
cally agrees with the theoretical prediction.
(4) In a way, the experimental investigation demonstrated
that the mechanism of the SPS casing treatment on stall
margin improvement by changing the boundary
conditions.
(5) Further optimization of the SPS casing treatment with
different design parameters, including depth, length
and perforated ratio, is still required before practical
application can be considered.
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